Phosphorylation of SpoIIAA on Ser-58 catalyzed by SpoIIAB is important in the regulation of sporulation of Bacillus subtilis. Nucleotide binding experiments showed that the affinity of SpoIIAB for ATP was greatly increased in the presence of SpoIIAA or a mutant SpoIIAA in which Ser-58 had been changed to alanine. Study of the phosphorylation reaction showed that the K m for ATP and the K i for ADP were both about 1 M. The kinetics of phosphorylation of SpoIIAA by SpoIIAB were biphasic, comprising a rapid phase (leading to phosphorylation of 1 mol of SpoIIAA/mol of SpoIIAB) followed by a slower, steady-state phase. In the steady state, the rate-determining step proved to be the dissociation of a SpoIIAB-ADP complex. The rate of this dissociation was not affected significantly by changes in the concentration of ATP. F is the first compartment-specific sigma factor that becomes active during sporulation of Bacillus subtilis (11, 17) . Since the demonstration some years ago by genetic means that F activity is regulated by spoIIAA, spoIIAB, and spoIIE (14, 19), this laboratory and others have been investigating the biochemical properties of SpoIIAA, SpoIIAB, and SpoIIE in order to uncover the molecular details of this regulation (1-3, 5-10, 12, 13, 15). Among the reactions involving these proteins is a phosphorylation of the Ser-58 residue of SpoIIAA catalyzed by SpoIIAB (15, 16) . That this phosphorylation is crucial for regulating F was inferred from experiments in which Ser-58 of SpoIIAA was changed to either alanine or aspartate, yielding the mutant proteins SpoIIAAS58A and SpoIIAAS58D (5); cells carrying these two mutations proved to have contrasting phenotypes with respect to F regulation, and the purified mutant SpoIIAA proteins behaved very differently from their wild-type counterpart in vitro (5, 10, 12). Recent work in this laboratory demonstrated that the overall rate of phosphorylation catalyzed by SpoIIAB is limited by a reaction involving the regeneration of the catalytically active species, but did not precisely define the rate-limiting step (13). We now report further studies of SpoIIAB that not only identify that step but also give evidence of conformational changes that occur in SpoIIAB.
F is the first compartment-specific sigma factor that becomes active during sporulation of Bacillus subtilis (11, 17) . Since the demonstration some years ago by genetic means that F activity is regulated by spoIIAA, spoIIAB, and spoIIE (14, 19) , this laboratory and others have been investigating the biochemical properties of SpoIIAA, SpoIIAB, and SpoIIE in order to uncover the molecular details of this regulation (1-3, 5-10, 12, 13, 15) . Among the reactions involving these proteins is a phosphorylation of the Ser-58 residue of SpoIIAA catalyzed by SpoIIAB (15, 16) . That this phosphorylation is crucial for regulating F was inferred from experiments in which Ser-58 of SpoIIAA was changed to either alanine or aspartate, yielding the mutant proteins SpoIIAAS58A and SpoIIAAS58D (5); cells carrying these two mutations proved to have contrasting phenotypes with respect to F regulation, and the purified mutant SpoIIAA proteins behaved very differently from their wild-type counterpart in vitro (5, 10, 12) . Recent work in this laboratory demonstrated that the overall rate of phosphorylation catalyzed by SpoIIAB is limited by a reaction involving the regeneration of the catalytically active species, but did not precisely define the rate-limiting step (13) . We now report further studies of SpoIIAB that not only identify that step but also give evidence of conformational changes that occur in SpoIIAB.
SpoIIAA strongly stimulates ATP binding to SpoIIAB. SpoI-IAB is a protein kinase, and as such must bind to ATP. In the first series of experiments, we used ultrafiltration to study this binding. SpoIIA proteins were prepared as previously described (12) . SpoIIAB (3 M) was incubated in a Centricon 10 filter in buffer A (50 mM Tris-Cl [pH 7.5], 50 mM KCl, 5 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM dithiothreitol) with 6 M (a subsaturating amount) [␣- 32 P]ATP (25 Ci/mmol [ICN]) at 20°C. At intervals, the unbound ATP was recovered by centrifugation and counted. Under these conditions, the maximum binding of ATP, reached after 40 min, was about 0.2 mol of ATP per mol of SpoIIAB, and the addition of equimolar ADP to the mixture reduced this value by 50%, suggesting that SpoIIAB has approximately equal affinities for ATP and ADP (results not shown). (A similar conclusion was reached in earlier experiments from this laboratory [10] .)
Next, the binding of ATP to SpoIIAB was investigated by direct photoaffinity labelling (UV cross-linking) (18) . SpoIIAB (20 M) was mixed with 1 M [␣-32 P]ATP (650 Ci/mmol [ICN]) in buffer A together with 1 mg of bovine serum albumin ml Ϫ1 in a total volume of 50 l, preincubated on ice in the dark for 10 min, and exposed to UV (254 nm) from a handheld UV Mineralight at a distance of about 2 cm. After 30 min of exposure, the samples were collected, boiled with sodium dodecyl sulfate and dithiothreitol, and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15% polyacrylamide). Figure 1 shows that SpoIIAB labelled poorly with ATP; the addition of purified wild-type SpoIIAA or SpoIIAAS58A during the exposure to UV greatly stimulated labelling, whereas SpoIIAAS58D had no stimulatory effect. The presence of SpoIIAA-P was likewise without effect (results not shown). Previous experiments from this laboratory have shown that SpoIIAA or SpoIIAAS58A binds strongly to SpoIIAB, whereas SpoIIAAS58D and SpoIIAA-P do not (5) . We suggest that the interaction of SpoIIAA or SpoIIAAS58A with SpoIIAB may cause a conformational change in the latter protein that greatly stimulates its ability to bind to ATP, leading to an increase in the extent of labelling observed.
Kinetics of the phosphorylation of SpoIIAA. When SpoIIAA and SpoIIAB are incubated together with ATP in a suitable buffer, the phosphorylation of SpoIIAA follows a biphasic time course, with a rapid early phase being succeeded by a much slower steady-state phase (13) . We have now studied each of these phases separately.
To obtain the K m of the phosphorylation reaction for ATP and the K i for ADP, the reaction was monitored at 0°C, since at higher temperatures, the first phase was linear for too short a time to make detailed measurements possible. SpoIIAA (50 M), SpoIIAB (5 M), and ATP (including [␥-32 P]ATP) were incubated in buffer A, and at intervals, 50-l portions were added to 900 l of chilled trichloroacetic acid (10%) followed by 100 l of bovine serum albumin (20 mg/ml) carrier. After incubation on ice overnight, the pellets were recovered by centrifugation and washed five times with 1 ml of chilled trichloroacetic acid (10%), and their radioactivity was estimated by liquid scintillation counting (LS5000TD; Beckman). Under these conditions, incorporation of radioactivity into SpoIIAA was linear with time for at least 15 min. By performing the reaction with different concentrations of ATP and treating the results by the Lineweaver-Burk method, we determined that the K m for ATP was 1.4 M (Fig. 2) . Repetition of the experiment in the presence of ADP (5 or 10 M) gave a K i for ADP of 1.0 M (Fig. 2) .
The second phase of the phosphorylation reaction was monitored by a similar method, but at 20°C with 100 M ATP. The steady state was reached after about 5 min, and the rate of phosphorylation was linear for at least 60 min thereafter. By studying the incorporation of radioactivity into SpoIIAA from the beginning of the reaction, we found that the rate of reaction changed from the pre-steady state to the steady state when 0.95 to 1.0 mol of SpoIIAA had been phosphorylated per mol of SpoIIAB present (results not shown). The same result was obtained previously in experiments at a higher temperature (13) and was interpreted as showing that in the steady state, the reaction was limited by the need for a long-lived complex of SpoIIAB to return to a form in which it could once again catalyze the phosphorylation reaction. The turnover number for phosphorylation in the steady state (k cat ) was 0.20 ϫ 10
A long-lived complex of SpoIIAB and ADP. If a long-lived complex is present after the transfer of phosphate from ATP to SpoIIAA, it seemed probable that this complex would contain SpoIIAB together with one of the two products of the reaction-that is either SpoIIAA-P or ADP. By comparing the rates of dissociation of SpoIIAA-P and of ADP from their complexes with SpoIIAB, we hoped to determine which of these limited the steady-state rate of phosphorylation. Surface plasmon resonance (SPR) was used to study the kinetics of the interaction between SpoIIAB and SpoIIAA in the presence of ATP. Recent SPR experiments in this laboratory had shown that when ADP was present, SpoIIAA and SpoIIAB associated with a rate constant of 3.3 ϫ 10 5 M Ϫ1 s
Ϫ1
, forming a complex which dissociated with a rate constant of 17 ϫ 10 Ϫ3 s Ϫ1 (13). When these experiments were repeated with ATP replacing ADP, SPR gave an association rate constant for the two proteins of 1.2 ϫ 10 5 M Ϫ1 s Ϫ1 and a dissociation rate constant of 14 ϫ 10 Ϫ3 s Ϫ1 . With ATP present, the species dissociating from the SpoIIAB surface was expected to be SpoIIAA-P, and indeed when the eluate from the SPR was examined by isoelectric focusing, 80% of the dissociating SpoIIAA was found to have been phosphorylated. Thus, the dissociation rate of SpoIIAA-P is much faster than the steady-state reaction rate, and the overall rate of phosphorylation of SpoIIAA is clearly not limited by slow dissociation of SpoIIAA-P from SpoIIAB.
Next we studied the rate of dissociation of ADP from SpoI-IAB. A 1-ml reaction mixture containing 2 M SpoIIAB, 10 M SpoIIAA, and 2 M [␣- of ADP from SpoIIAB that limits the phosphorylation of SpoI-IAA and that this release is not itself limited by the rate at which ATP associates with the enzyme. Although SpoIIAB is a dimer (1, 6, 12) , the results further suggest that there is no significant allosteric interaction between the nucleotide-binding sites of the individual subunits. Autophosphorylation of SpoIIAB. SpoIIAB (20 M) was incubated with 5 M [␥-
32 P]ATP in buffer A for 1 h at 35°C, and the mixture was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Autoradiography (results not shown) revealed that the protein was weakly labelled, suggesting a slow autophosphorylation. The covalently bound phosphate proved to be stable to acid but was removed by treatment with 1 M NaOH at 55°C for 1 h, suggesting that it was attached to a serine or threonine residue. Because of the low yield of the radioactively labelled protein, we have been unable to identify the site of labelling.
Significance of the results. The findings described here can be rationalized by proposing the existence of different conformations of SpoIIAB. One of these conformations appears to be induced or stabilized by the presence of either SpoIIAA (or SpoIIAAS58A) or an adenine nucleotide and is characterized by a high affinity for ADP, ATP, SpoIIAA, and (most likely) F . One demonstration of the conformational change brought about by SpoIIAA is the greatly enhanced ability of SpoIIAB to be cross-linked by UV to ATP (Fig. 1) ; another is the fact that in the phosphorylation reaction, the K m for ATP and the K i for ADP are both on the order of 1 M, whereas in the absence of SpoIIAA, about 180 M ATP or ADP is needed for half-maximal binding to SpoIIAB (10) . In an analogous way, the conformational change induced (or stabilized) by adenine nucleotide is demonstrated by the fact that no binding between SpoIIAA and SpoIIAB can be observed in the absence of ADP (5, 12) , while in its presence, the dissociation constant for the SpoIIAA-SpoIIAB complex is as low as 50 nM (8, 13) .
The fact that the release of ADP from SpoIIAB is very slow (Fig. 3 ) may reflect another change in conformation. After the SpoIIAB phosphokinase has effected the transfer of phosphate from ATP to SpoIIAA, the resulting SpoIIAA-P dissociates relatively rapidly from the enzyme (see the SPR experiments cited above), whereas the dissociation of the SpoIIAB-ADP complex is about 2 orders of magnitude slower (Fig. 2) . The rate of ADP release from the enzyme appears to be limited by a conformational change from a form (which we propose to designate SpoIIAB*) with high affinity for ADP to a form that has little affinity for ADP. The suggestion that the steady-state rate of phosphorylation is limited by this conformational change is supported by its high temperature coefficient, which is increased three to fourfold between 20 and 30°C (compare the results shown here with those of Magnin et al. [13] ). If this supposition is correct, the overall rate of phosphorylation of SpoIIAA will be limited by the conformational change (from SpoIIAB* to SpoIIAB) in the protein that catalyzes it. These results are summarized in Fig. 4 . In this scheme, SpoIIAB* cannot be identical to the complex formed by the reversible interaction of SpoIIAB with ADP, since the equilibrium (dissociation) constant of the latter (180 M [10] ) is incompatible with the observed dissociation rate constant of 0.2 ϫ 10 Ϫ3 s
. Consequently the long-lived complex, SpoIIAB*-ADP, cannot be generated from SpoIIAB and ADP directly but can be generated only via the phosphorylation reaction, which thus leads to the sequestration of SpoIIAB.
The fact that the phosphorylation catalyzed by SpoIIAB is extremely slow is of great importance in the regulation of F activity. Recent results obtained in this laboratory have made it clear that the cell contains only just enough SpoIIAB to inhibit all of its F , assuming that none of the SpoIIAB is involved in a complex with SpoIIAA (13) . Consequently, any interaction that diverts even a fraction of the SpoIIAB from forming a complex with F will free some F from inhibition. One such interaction is the phosphorylation reaction that we have examined in this paper, which generates the long-lived complex SpoIIAB*-ADP. Since the substrate of this phosphorylation is SpoIIAA, the availability of free SpoIIAA will be decisive in determining the activity of F (8) . We have previously pointed out that free SpoIIAA is made available, even when SpoIIAB is active, by the simultaneous activity of the specific protein phosphatase SpoIIE (13) . When both of these enzymes are working, SpoIIAA cycles repeatedly between the phosphorylated and nonphosphorylated forms, and the unusual kinetics of the phosphorylation reaction ensure that some of the SpoI-IAB is sequestered and thus that F activity is liberated.
